The efficacy of excitatory transmission in the brain depends to a large extent on synaptic AMPA receptors, hence the importance of understanding the delivery and recycling of the receptors at the synaptic sites. Here we report a novel regulation of the AMPA receptor transport by a PDZ (postsynaptic density-95/Drosophila disc large tumor suppressor zona occludens 1) and LIM (Lin11/rat Isl-1/Mec3) domain-containing protein, RIL (reversion-induced LIM protein). We show that RIL binds to the AMPA glutamate receptor subunit GluR-A C-terminal peptide via its LIM domain and to ␣-actinin via its PDZ domain. RIL is enriched in the postsynaptic density fraction isolated from rat forebrain, strongly localizes to dendritic spines in cultured neurons, and coprecipitates, together with ␣-actinin, in a protein complex isolated by immunoprecipitation of AMPA receptors from forebrain synaptosomes. Functionally, in heterologous cells, RIL links AMPA receptors to the ␣-actinin/actin cytoskeleton, an effect that appears to apply selectively to the endosomal surfaceinternalized population of the receptors. In cultured neurons, an overexpression of recombinant RIL increases the accumulation of AMPA receptors in dendritic spines, both at the total level, as assessed by immunodetection of endogenous GluR-A-containing receptors, and at the synaptic surface, as assessed by recording of miniature EPSCs. Our results thus indicate that RIL directs the transport of GluR-A-containing AMPA receptors to and/or within dendritic spines, in an ␣-actinin/actin-dependent manner, and that such trafficking function promotes the synaptic accumulation of the receptors.
Introduction
AMPA receptors mediate the fast excitatory transmission in the mammalian CNS. Accumulating evidence indicates that regulation of the number of synaptic AMPA receptors underlies some aspects of glutamatergic synaptic plasticity, a process believed to be essential for CNS development, learning, and memory (Sheng and Lee, 2001; Malinow and Malenka, 2002; Song and Huganir, 2002) . Activity-induced decrease of synaptic AMPA receptors was shown to participate in long-term depression (LTD) of glutamatergic synaptic transmission in hippocampal neurons and in cerebellar Purkinje cells (Carroll et al., 1999; Heynen et al., 2000; Matsuda et al., 2000; Wang and Linden, 2000; Lee et al., 2002) . Conversely, NMDA receptor-dependent long-term potentiation (LTP) in CA1 hippocampal neurons is mediated at least in part by an increase of AMPA receptors at the synaptic surface membrane (Shi et al., 1999; Heynen et al., 2000; Lu et al., 2001; Passafaro et al., 2001; Shi et al., 2001) .
AMPA receptors are heterotetrameric complexes formed by combinations of four glutamate receptor (GluR) subunits, termed GluR-A through GluR-D (or GluR1-GluR4) (Boulter et al., 1990; Keinanen et al., 1990) . Principal neurons in the hippocampus express the GluR-A, GluR-B, and GluR-C subunits, which form two major receptor populations, the GluR-A/GluR-B and GluR-B/GluR-C complexes (Wenthold et al., 1996) . In the adult brain, activity-dependent synaptic insertion of GluR-A/ GluR-B receptors, which is regulated by the GluR-A intracellular C-terminal domain, contributes to lasting increases of synaptic strength during LTP in CA1 neurons in vitro, as well as to sensory-evoked synaptic plasticity in cortical neurons in vivo (Shi et al., 2001; Takahashi et al., 2003) .
In the present study, we report a novel molecular mechanism that may link the transport of GluR-A-containing AMPA receptors to actin cytoskeleton. We show that a PDZ [PSD -95 (postsynaptic density-95)/Drosophila disc large tumor suppressor zona occludens 1)] and LIM (Lin11/rat Isl-1/Mec3) domaincontaining protein termed RIL (for reversion-induced LIM protein) (Kiess et al., 1995) binds via its LIM domain to the last 10 amino residues of the GluR-A C-terminal peptide and via its PDZ domain to the carboxyl region of ␣-actinin, a member of the spectrin/dystrophin family of actin-cross-linking proteins (Vandekerckhove, 1990) . Filamentous actin is the principal cytoskeleton of dendritic spines (Fifkova and Delay, 1982; Matus et al., 1982) and is known to be critical for maintaining AMPA receptor synaptic function. Acute disruption of postsynaptic actin inhibits the induction of LTP, whereas prolonged treatment with actin-depolymerizing agents reduces the basal level of AMPA receptor-mediated transmission, resulting from the decreased steady-state synaptic dwell time of the receptors (Allison et al., 1998; Kim and Lisman, 1999; Zhou et al., 2001 ). These findings imply that actin cytoskeleton plays distinct roles during activity-driven insertion and during stabilization of the receptors at the postsynaptic membrane. A role in the synaptic stabilization of the receptors was previously proposed for the 4.1N protein that links AMPA receptors to the spectrin/actin cytoskeleton (Shen et al., 2000) . Our results suggest that RIL links the GluR-A-containing AMPA receptors to the ␣-actinin/actin cytoskeleton, spatially directing the synaptic trafficking of the receptors to and/or within the dendritic spine compartment toward an insertion at the postsynaptic membrane.
Materials and Methods
Yeast two-hybrid system. The yeast two-hybrid screening of adult rat brain cDNA library (Clontech, Cambridge, UK; pACT2 vector) was performed using HF7c yeast strain according to the Yeast Protocols Handbook (PT3024 -1; Clontech). The bait constructs were subcloned in the DNA binding domain vector pGBT9. The efficiency of screening with pGBT9-R-B/R-At10 bait was 5.1 ϫ 10 6 and 1.0 ϫ 10 6 with pGBT9-PDZ bait. Yeast-mating assays for GluR-A and RIL binding were performed using yeast strains HF7c and Y187, with pGBT9 and pACT2 vectors. The assays for RIL and ␣-actinin binding were performed with pGAD10 and pBHA vectors.
Generation of anti-RIL antibody. Anti-RIL polyclonal serum against the C-terminal RIL aa 317-330 peptide CDVVAVYPNAKVEL was generated at AnaSpec (San Jose, CA). Affinity purification was done by peptide-coupled SulfoLink gel (Pierce,Rockford, IL) column: 20 ml of serum, diluted 1:10 in 4°C cold PBS, was run over the column overnight at 4°C. After wash with PBS, 1 ml fractions were eluted with glycine, pH 2.5, and immediately neutralized with 1/10 volume of 1 M Tris, pH 8.0. Anti-RIL antibody (Ab)-positive fractions were selected by Western blotting of Flag RIL-expressing African green monkey kidney fibroblast cells (COS)1 lysate.
Heterologous cell experiments. COS1 or human embryonic kidney cells were transfected by the calcium phosphate method. For immunoprecipitations (IPs), cells were lysed after 48 hr in buffer A [0.5% Triton X-100, 150 mM NaCl, 1 mM Na 3 V0 4 , 25 mM HEPES, pH 7.6; Boehringer Complete protease inhibitors (Boehringer Mannheim, Indianapolis, IN)]. For each IP, 300 l of high speed supernatant lysate, at 1.5 mg per ml, was precleared with 20 l of Protein-G agarose (1 hr) (Santa Cruz Biotechnology, Santa Cruz, CA), followed by incubation with 6 g of ␣-Flag antibody (4 hr) (Sigma, St. Louis, MO). Immunoprecipitated proteins collected on protein G agarose were eluted by SDS-PAGE sample buffer. For immunocytochemistry, cells were fixed after 48 hr by 4% paraformaldehyde (PFA) (room temperature) or 100% methanol (Ϫ20°C), with the exception of internalization assays, where cells were first incubated with ␣-Myc antibody at 4°C for 30 min, extensively washed with PBS, and either directly fixed by PFA or returned to 37°C for an internalization period and then fixed. Stainings were done with the following primary antibodies: ␣-GluR1, ␣-GluR2/3 (Chemicon, Temecula, CA), ␣-calnexin, ␣-lysosome-associated membrane protein 1 (Lamp1) (Stressgene Biotechnologies, Victoria, British Columbia, Canada), ␣-early endosome antigen 1 (EEA1) (BD Biosciences, Franklin Lake, NJ), ␣-human transferrin receptor (TfR) (Zymed, San Francisco, CA), ␣-Flag (Sigma), ␣-Myc (9-E10; Santa Cruz Biotechnology), and secondary antibodies conjugated with FITC, Texas Red, Cy3, or Cy5 (Jackson ImmunoResearch, West Grove, PA). Actin was visualized by phalloidintetramethylrhodamine isothiocyanate (TRITC) (Sigma).
For glutathione S-transferase (GST) pull-downs, GST and GST-R-A proteins were expressed by baculovirus expression (BacPak6, Clontech) in Sf9 cells, cultured in TMN-FH medium (Invitrogen, San Diego, CA) with 10% FCS at 27°C, and harvested in buffer containing 20 mM HEPES, pH 7.2, 150 mM NaCl, 1 mM EGTA, 1% Triton X-100, and protease inhibitors (buffer B). An equal amount of protein bound on glutathione Sepharose was used for pull-downs with COS1-expressed Flag RIL and Flag RIL deletion mutants in buffer containing 20 mM Tris-HCl, pH 8.5, 150 mM NaCl, 1 mM EGTA, 1% Triton X-100, 0.1% SDS, and protease inhibitors (buffer C). GST, GST-RIL, and GST-RIL deletion proteins were produced in bacteria using the pGEX system (Amersham Biosciences, Arlington Heights, IL). COS1 cells expressing ␣-actinin2 were lysed in buffer C. High-speed supernatant of adult rat brain lysate was prepared in buffer B by differential centrifugation at 3000 ϫ g and 100,000 ϫ g. GST-bound precipitates were eluted in SDS-PAGE sample buffer. Western blotting was performed with antibodies already listed above and the ␣-␣-actinin2 antibody (Wyszynski et al., 1998) .
Brain fractionation, coimmunoprecipitation, and neuronal cultures. Brain protein fractionation was done from adult Wistar rats (Carlin et al., 1980) with modifications as described . Antibodies for Western blotting (next to those listed already) were as follows: ␣-NR1 (Chemicon) and ␣-synaptophysin (Zymed). Hippocampal primary cultures were prepared from embryonic day 18 Sprague Dawley tissue (Osten et al., 2000) and cultured for 2-3 weeks in Neurobasal medium supplemented with B27 (Invitrogen) (Brewer et al., 1993) . Organotypic slice cultures were prepared as described (Stoppini et al., 1991) . For coimmunoprecipitations, P2 fraction obtained from rat brain lysate was solubilized with 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate and cleared by ultracentrifugation. The extract (input) was applied to protein A Sepharose conjugated with anti-GluR2/3 antibody or normal rabbit IgG. After column wash, bound proteins were eluted with competitive peptide, which is the antigen for GluR2/3 antibody. Input and elution fractions were analyzed by Western blotting.
Sindbis virus-based expression, immunostaining of neuronal cultures, and confocal microscopy. Attenuated Sindbis virus-based expression vector (Dryga et al., 1997) , plasmid SINrep(nsp2S), was used with the helper plasmid DH(26S)5ЈtRNA (Kim et al., 2004) to express recombinant proteins in hippocampal primary or organotypic slice cultures. The virus was prepared as described previously (Kim et al., 2004) . Infected primary neurons either were fixed with 4% PFA in PBS containing 0.12 M sucrose (30 min at room temperature) and permeabilized with 0.2% Triton X-100 in PBS or were incubated with anti-Myc antibody under living conditions, as described previously , followed by PFA fixation. The primary antibodies used were as follows (next to those listed already): ␣-RIL (Cuppen et al., 1998) and ␣-SV2 (Buckley and Kelly, 1985) . These were maintained by the University of Iowa, Department of Biological Sciences). All images were acquired on a Leica TCS NT microscope. Deconvolution was done with the Huygens 2 software as described previously (Osten et al., 2000) .
For quantitation of spine enrichment, regions of interest (ROI) of dendritic spine heads and of neighboring dendrites were selected by the ImageJ program (ROI manager), first on a confocal maximal projection image of a recombinant protein (e.g., EGFP RIL) dendritic distribution, and the values of mean immunofluorescence were calculated. The same ROI mask was then applied to the corresponding image of endogenous protein distribution (e.g., anti-␣-actinin2/3 immunostaining). For quantitation of co-distribution of EGFP RIL and total GluR-A, spine and shaft ROIs were first selected based on EGFP RIL distribution, and the same mask was applied to anti-GluR-A immunostaining (fixed and permeabilized conditions), detecting total GluR-A expression.
Electrophysiology. Recordings of miniature EPSCs (mEPSCs) were done from primary rat hippocampal neurons [14 d in vitro (14DIV)] or CA1 pyramidal neurons in organotypic slice cultures (7DIV; prepared from postnatal day 7 rats). The recording chamber was continuously perfused with (in mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 25 glucose, 2 CaCl 2 , 0.001 TTX, 0.01 bicuculline methiodide, 0.03 D-AP5, pH 7 (gassed with 95% O 2 /5% CO 2 ). To enhance mEPSC frequency in the organotypic slice cultures, 150 mM sucrose was added to the extracellular solution after whole-cell configuration was established.
Only one recording was performed per slice. The patch pipettes were filled with (in mM): 125 Cs-gluconate, 20 CsCl, 10 NaCl, 10 HEPES, 0.2 EGTA, 4 MgATP, 0.3 NaGTP, pH 7.25 (305 mOsm). Pipette resistances were 5-6 m⍀. The series resistance was monitored throughout the recordings. mEPSCs were recorded at room temperature (22°C), at Ϫ70 mV using an EPC-9 amplifier (HEKA Elektronik, Lambrecht, Germany), and were stored on tape. Recordings were analyzed off-line (filtering, 3 kHz; sampling, 5 kHz) using an event detection program (kindly provided by Prof. Ulrich Misgeld, Institute of Physiology, University of Heidelberg). For event detection, the trigger level was set at 15 pA (three times higher than the baseline noise), and events were individually selected if the rise time was Ͻ2 msec. The average 20 -80% rise time of the mEPSC events in 
Results
GluR-A C-terminal domain interacts, via its 10 C-terminal residue motif, with the LIM domain of RIL To identify proteins that interact with the GluR-A C-terminal domain, we screened an adult rat brain cDNA library using a chimeric peptide, R-B/R-At10, as a bait in the yeast two-hybrid system. This bait consisted of the membrane-proximal 40 amino acids of the GluR-B C-terminal tail fused to the terminal 10 amino acids of the GluR-A sequence (Fig. 1a) . This fusion protein circumvented a decreased growth rate observed in yeast transfected with a bait vector expressing the full GluR-A C-terminal peptide (data not shown). Of 34 positive clones, 3 encoded partially overlapping open reading frames (ORFs) of the RIL gene, which codes for a 330 amino acid protein containing two recognizable proteinprotein interaction motifs, an N-terminal PDZ domain and a Cterminal LIM domain. Of the three RIL clones isolated, one contained the full ORF, whereas the two remaining clones showed either partial or complete lack of the N-terminal PDZ domain coding sequence (RIL⌬1-59 and RIL⌬1-130, respectively) (Fig. 1a) . As judged by the intensity of ␤-galactosidase (␤-gal) signal, RIL⌬1-130 showed the strongest binding (Fig. 1a) . To examine the specificity of RIL interaction with the GluR-A 10 amino residue peptide, we first tested the binding of RIL ORF or RIL⌬1-130 with the GluR-B portion of the chimeric bait lacking the GluR-A sequence, R-B⌬10, as well as with an unrelated bait construct and with an empty-vector pGBT9 GAL4 DNA-binding domain. As determined by yeast mating assays, both RIL ORF and RIL⌬1-130 interacted only with the original R-B/R-At10 bait, indicating that the GluR-A C-terminal 10 residues are required for RIL binding (Fig. 1b) . Next, we examined the specificity of the interaction with respect to the GluR-A PDZbinding motif, amino residues -TGL. Bait R-B/R-At10(T887A), containing an alanine substitution of the critical threonine-887 that mutates the PDZ-binding motif to -AGL (Hayashi et al., 2000; Passafaro et al., 2001) , was able to bind to both RIL ORF and RIL⌬1-130 (Fig. 1b) . These data indicate different sequence requirements for PDZ and LIM domain-mediated interactions at the GluR-A Cterminal peptide. In addition, dual alanine substitution within the GluR-A-binding sequence, bait R-B/R-At10(P883A,T887A), but not a substitution of the proline-883 alone, bait R-B/RAt10(P883A), resulted in a near loss of binding with both RIL ORF and RIL⌬1-130 (Fig. 1b) .
To confirm our yeast interaction data in a mammalian expression system, we first tested whether RIL binds to GluR-A when coexpressed in COS1 cells. As shown in Figure 1c , RIL with an Nterminal Flag epitope, Flag RIL, indeed coimmunoprecipitated GluR-A from COS1 lysates. Under the same conditions, Flag RIL failed to bind with GluR-B (Fig. 1c) , which supports the specificity of RIL interaction with GluR-A. In the second set of experiments, a GST fusion protein containing the GluR-A C-terminal peptide, GST-R-A, was used in pull-down assays with recombinant (Fig. 1d) . In contrast, all RIL deletion mutants lacking the LIM domain failed to bind to GST-R-A, confirming that the LIM domain is required for the interaction with GluR-A ( Fig. 1d ) (the PDZϩL construct bound very weakly to GST-R-A, and it is not clear whether this interaction is specific). The LIM domain itself, Flag RIL-LIM, was not sufficient to mediate the binding, suggesting that the flanking sequence is also required, possibly for proper protein folding of the LIM domain (Fig. 1d) .
The PDZ domain of RIL interacts with the carboxyl PDZ-binding motif of ␣-actinin
To search for potential RIL PDZ domain-interacting proteins, we screened an adult rat brain cDNA library using the RIL N- terminal 110 residues as bait in the yeast two-hybrid system. Of 28 positive clones, 4 encoded the actin-binding protein ␣-actinin, 3 encoded the ␣-actinin4, and 1 encoded the ␣-actinin2 isoforms (Fig.  2a) . The RIL interaction site on ␣-actinin2 was mapped to the extreme carboxyl region, which terminates with amino acids -SDL. This sequence is a typical class I PDZ binding motif and is conserved among all four ␣-actinin isoforms, ␣-actinin1-4 (Fig. 2b) ; the NMDA receptor subunit NR1 C-terminal bait, shown previously to bind to the internal spectrin-like repeats of ␣-actinin2 (Wyszynski et al., 1997) , was used as a control for functional expression of the SDL-lacking constructs.
To confirm the yeast-based data, we performed pull-down assays with GST fusion protein containing the full RIL molecule, GST-RIL ORF, or various RIL deletions. As shown in Figure 2c , GST-RIL ORF as well as GST-RIL deletion mutants containing the PDZ domain, GST-RIL-PDZ and GST-RIL-PDZϩL, bound recombinant as well as endogenous ␣-actinin2 from brain homogenate. We conclude that RIL is a bifunctional protein that binds to the C-terminal tails of the GluR-A subunit and ␣-actinin.
Endogenous RIL is enriched at excitatory synapses and interacts with AMPA receptors RIL mRNA is expressed most prominently in the adult rat brain, heart, and lung, and at lower levels in other tissues (Kiess et al., 1995; Vallenius et al., 2004) . To study RIL protein expression, we generated a polyclonal antibody against the RIL C-terminal 14 amino acids. As shown in Figure 3a , anti-RIL serum recognized recombinant Flag RIL, and an affinity-purified anti-RIL antibody detected a single band of the predicted molecular size, 35.5 kDa, in the rat forebrain lysate (Fig. 3a) . RIL was found to be expressed in the brain, in hippocampal and cortical lysates, from early postnatal stages until adulthood (data not shown). Subcellular fractionation of the forebrain lysate showed RIL enriched in the PSD fraction, to a similar degree as GluR-A, but less than NR1 (Fig.  3b) . In addition, the postsynaptic expression of RIL was further confirmed by immunostainings of hippocampal primary cultures with a previously characterized RIL-specific antibody raised against the C-terminal portion of the molecule (Cuppen et al., 1998) ; our anti-peptide-raised antibody did not show a specific signal for immunocytochemistry and thus could not be used. As shown in Figure 3c , RIL immunoreactivity was concentrated in dendritic spines and showed partial colocalization with the presynaptic vesicular protein SV2 (Buckley and Kelly, 1985) , confirming that in hippocampal principal neurons, RIL is localized mainly to the postsynaptic sites of synapses.
To examine whether native RIL binds with AMPA receptors, we isolated AMPA receptor complexes from synaptosomal lysate using a protein A Sepharose column conjugated with anti-GluR-B/C antibody (we used the anti-GluR-B/C antibody because the antiGluR-A antibody and RIL recognize the same region of the GluR-A C-terminal peptide and thus may compete for binding). Western blotting of fractions eluted from the column by excess of the GluR-B/C antigen peptide revealed that RIL was indeed complexed with GluR-A/GluR-B receptors (Fig. 3d) . In addition, we also detected ␣-actinin2 in the GluR-A and RIL-containing fractions, suggesting that all three proteins can bind simultaneously (Fig. 3d) .
EGFP RIL increases the abundance of recombinant GluR-A receptors in endosomal compartments in heterologous cells
Protein-protein interactions mediated by the C-terminal domains of the AMPA receptor subunits regulate different aspects of the receptor trafficking (Malinow and Malenka, 2002; Song and Huganir, 2002) . We examined whether RIL affects the transport of GluR-A in COS1 cells, a heterologous system in which we demonstrated RIL binding to GluR-A by coimmunoprecipitation (Fig. 1c) . We analyzed the GluR-A steady-state distribution, alone or cotransfected with RIL, in the following trafficking compartments: the endoplasmatic reticulum (ER; the site of synthesis and maturation of transmembrane proteins), early and recycling endosomes (the transport pathway for internalized proteins sorted for reinsertion at the surface membrane), and lysosomes (the site of protein degradation). GluR-A expressed alone was concentrated in the ER, identified by staining against the ERresident protein calnexin (Fig. 4a) . In addition, GluR-A weakly accumulated in the perinuclear recycling endosomes, colabeled with antibody against TfR (Fig. 4b) . GluR-A was not accumulated detectably in early endosomes, labeled with antibody against EEA1 (data not shown), or in lysosomes, identified by staining against Lamp1 (data not shown). RIL expressed alone, either 2ϩ -binding EF hand motif. Bottom, A single ␣-actinin2 and three ␣-actinin4 clones isolated by screening with the RIL PDZ domain as bait (numbers ϭ amino residues; slashed lines indicate that the clones were only partially sequenced). ␤-Gal activity is indicated on the right. b, Deletion constructs of ␣-actinin2, represented as gray horizontal bars with indicated amino acid borders, were tested for their binding activity with the RIL PDZ domain or with the NR1 C-terminal domain that served as a control, shown previously to interact with the ␣-actinin spectrin-like repeats (Wyszynski et al., 1997) . ␤-Gal activity is indicated on the right. c, GST, GST-RIL, and GST-RIL deletion constructs containing the indicated portions of RIL (same borders as for the Flag RIL truncations in Fig. 1d ) were used in pull-down assays with heterologous ␣-actinin2 (top panel) or with endogenous brain ␣-actinin2 (bottom panel). Input ϭ 15% of the lysates used for the pull-downs. Western blotting was done with anti-␣-actinin2 antibody.
Flag RIL (data not shown) or EGFP RIL (Fig.  4c) , colocalized with phalloidin-labeled actin cytoskeleton, suggesting that RIL is targeted to the actin filaments via its interaction with ␣-actinin [a similar distribution of recombinant RIL was reported previously in Cuppen et al. (2000) and Vallenius et al. (2004) ; expression of recombinant RIL did not change the overall distribution of F-actin compared with nontransfected cells; no appreciable amount of endogenous RIL was detected in COS1 cells by anti-RIL immunostaining or Western blot; data not shown].
EGFP RIL lacking the LIM domain, EGFP RIL⌬LIM, still localized efficiently to F-actin, whereas EGFP RIL lacking the PDZ domain, EGFP RIL⌬PDZ, showed only a diffuse cytoplasmic distribution (data not shown) (Fig. 5b,c ) (in cotransfection with GluR-A). This shows that the PDZ domain is required for targeting of RIL to actin cytoskeleton in COS1 cells.
Coexpression of GluR-A and EGFP RIL resulted in redistribution of both proteins into small vesicular-like structures that were identified as early endosomes by anti-EEA1 staining (Fig. 4d,f ) . Furthermore, we also observed a similar redistribution of F-actin in cells transfected with EGFP RIL and GluR-A, resulting in punctate actin-EGFP RIL colocalization (Fig. 4e) (a comparable result was also observed for coexpression of GluR-A and Flag RIL; data not shown). These data imply that the accumulation of GluR-A and EGFP RIL in early endosomes may involve formation of GluR-A-EGFP RIL-␣-actinin/actin protein complexes (see more below). In addition, in a small population of cells, GluR-A and EGFP RIL accumulated in the perinuclear region corresponding to recycling endosomes colabeled with antibody against TfR (Fig. 4g) . In contrast, GluR-A and EGFP RIL showed no detectable colocalization in Lamp1-labeled lysosomes (data not shown). Similarly, the rate of degradation of GluR-A in COS1 cells, as determined by S35 Cys/Met pulse chase, was not different if the receptor subunit was expressed alone or coexpressed with EGFP RIL (data not shown).
To examine whether RIL colocalization with GluR-A requires RIL interaction with both the receptor subunit and ␣-actinin, we coexpressed GluR-A and RIL mutants lacking the corresponding protein-protein interaction motifs. As shown in Figure 5a , no colocalization was observed between Myc GluR-A⌬10, a GluR-A form lacking the last 10 amino residues of the C-terminal domain, and EGFP RIL. At the same time, both EGFP RIL⌬LIM and EGFP RIL⌬PDZ failed to induce colocalization with GluR-A in early endosomes (Fig. 5b,c) (in some cases we observed a weak recruitment of EGFP RIL⌬PDZ to GluR-A localized in the perinuclear recycling endosomal region). These data indicate that the GluR-A C-terminal 10 residues are essential for its colocalization with RIL and that the RIL PDZ domain is required for the accumulation of GluR-A in early endosomes. In addition, coexpression of EGFP RIL with either GluR-B or GluR6 subunits failed to show any colocalization, further confirming the specificity for the GluR-A subunit (data not shown).
Next, we wanted to confirm the finding that RIL and GluR-A co-distribute to early endosomes. For this purpose, we examined whether RIL colocalizes with GluR-A receptors that entered the early endosomal compartment from the cell surface, after antibody-induced receptor internalization. Cells expressing the N-terminally tagged
Myc
GluR-A and EGFP RIL were first incubated at 4°C with anti-Myc antibody to selectively label surface-inserted Myc GluR-A receptors. After extensive washing, the cells were either fixed or returned to 37°C for 10 or 30 min. As shown in Figure 5d (time, 0 min), surface-expressed Myc GluR-A did not show any significant colocalization with EGFP RIL. In contrast, newly internalized Myc GluR-A strongly colocalized with EGFP RIL in endosomal compartments in the proximity of the cell membrane, after both 10 and 30 min internalization periods (Fig. 5d) . We conclude that EGFP RIL is recruited to surface-internalized endosomal population of the Myc GluR-A receptors.
EGFP RIL is targeted via its PDZ domain to dendritic spines in hippocampal primary neurons
To examine RIL function in neurons, we first characterized the subcellular distribution of EGFP RIL, EGFP RIL⌬PDZ, and EGFP RIL⌬LIM expressed from an attenuated Sindbis virus vector, SINrep(nsp2S726) (Kim et al., 2004) , in hippocampal cultured neurons. As shown in Figure 6 , a and e, EGFP RIL was enriched in numerous but not all spine-like structures along dendritic branches. Assuming that EGFP RIL is targeted to spines by binding to the ␣-actinin-actin complex, the variability of EGFP RIL enrichment in spine-like protrusions may reflect varying levels of endogenous actin and ␣-actinin at these sites. To test this, we first selected a set of spine-like protrusions with obvious EGFP RIL enrichment and measured the ratio of spine/shaft fluorescence (spine enrichment) for EGFP RIL as well as for actin and ␣-acti- (2), and anti-RIL serum (3). Lane 4, Whole-cell forebrain lysate Western blotted with affinitypurified anti-RIL antibody. Molecular weight markers in kilodaltons are on the right. b, Whole-cell forebrain homogenate (hom.), synaptosomal (synapt.), and PSD fractions were probed with affinity-purified anti-RIL antibody (top panel) and with anti-GluR-A, NR1, and synaptophysin (synapt.) Ab, as indicated on the right. c, Hippocampal primary cultures (14DIV) were fixed and stained with anti-RIL Ab [characterized previously in Cuppen et al. (1998) ] (red channel) and anti-SV2 Ab (Buckley and Kelly, 1985) (green channel). Right panels were enlarged from the framed area in the left and middle panels; arrows point to examples of RIL distribution in spine-like structures along the distal dendrite, showing partial overlap with anti-SV2 staining of presynaptic terminals. The images are maximal projections of a stack of 0.08 m separated confocal z-sections, processed by deconvolution for enhanced resolution. Scale bar, 5 m. d, Solubilized rat brain P2 fraction was applied to protein-A Sepharose column conjugated with either anti-GluR-B/C antibody (GluR-B/C col.) or normal rabbit IgG (IgG col.). After extensive washing, bound proteins were eluted with the GluR-B/C antigen peptide, and the elution fractions 2 and 3 (lanes 2 and 3) were analyzed by Western blotting with antibodies as indicated on the right. Note that ␣-actinin2 bound weakly to a control normal IgG-conjugated column; however, it bound at only 18% of the signal compared with the GluR-B/C antibody-conjugated column. Input lane is 1% of total protein used for the immunoprecipitations.
nin2/3 (see Materials and Methods). We found that EGFP RIL was enriched approximately threefold in the selected spine-like protuberances, and these also showed 3.5-fold enrichment of actin and ␣-actinin 2/3 (Fig. 6i) ( EGFP RIL enriched). Next we selected spine-like protrusions with apparent lack of EGFP RIL enrichment and found that these showed only ϳ1.5-fold enrichment of actin and ␣-actinin 2/3 (Fig. 6i) ( EGFP RIL equal). This shows that EGFP RIL is preferentially enriched at sites containing larger amounts of actin and ␣-actinin. The same distribution into ␣-actinin2/3 and actin-rich sites was also observed for EGFP RIL⌬LIM, whereas EGFP RIL⌬PDZ as well as free EGFP were distributed equally between spine-like protrusions and dendritic shafts (Fig. 6 ). In addition, we also compared the spine enrichment of actin and ␣-actinin2/3 without selecting for EGFP RIL or EGFP RIL⌬LIM distribution. In this analysis we found that the overall actin and ␣-actinin2/3 distribution was similar for all four constructs expressed: actin enrichment (mean Ϯ SEM) was 250.3 Ϯ 20.9, 231.2 Ϯ 20.09, 221.9 Ϯ 15.6, and 242.3 Ϯ 8.7, and ␣-actinin2/3 enrichment (mean Ϯ SEM) was 265. (Fig. 7a,e) . In comparison, cells expressing the EGFP RIL⌬LIM construct showed overall lower synaptic enrichment for the GluR-A-containing AMPA receptors, with only 1.6-fold enrichment at spines selected for high EGFP RIL⌬LIM expression and 1.3-fold enrichment at sites with equal spine/shaft EGFP RIL⌬LIM distribution (Fig. 7b,e) Figure 8 , c and d, the mean mEPSC amplitude in EGFP RIL-expressing CA1 neurons was again increased significantly, by ϳ25%, compared with noninfected neurons (the rise time of the mEPSCs was the same; see Materials and Methods). These data thus confirm that overexpression of EGFP RIL increases AMPA receptor-mediated synaptic currents in cultured CA1 neurons. We conclude that increased expression of EGFP RIL in hippocampal pyramidal neurons results in an overall increased accumulation of GluR-A-containing AMPA receptors in dendritic spines, including the population of surfaceexpressed synaptic receptors.
Discussion
We have identified protein-protein interactions that may link the transport of AMPA receptors to the actin cytoskeleton of dendritic spines: the PDZ-LIM protein RIL binds via its PDZ domain to the actin-binding protein ␣-actinin and via its LIM domain to the carboxyl region of the GluR-A C-terminal domain. RIL is a member of a family of cytoplasmic proteins containing one N-terminal PDZ domain and one or three C-terminal LIM domains (Bach, 2000) . Common characteristics among these proteins include PDZ domain-mediated association with actin-binding proteins ␣-actinin or tropomyosin and a broad range of interactions mediated by their LIM domains. These proteins are thus proposed to function as adaptors linking transport of transmembrane and cytosolic proteins to the actin cytoskeleton, typically in muscle and epithelial cells where they are prominently expressed (Bach, 2000) . In contrast, RIL is the only member of the PDZ-LIM protein family with highest expression in brain (Kiess et al., 1995) .
LIM domain-mediated binding of RIL to GluR-A
The LIM domain, an ϳ50-residue motif formed by two tandemly repeated zinc fingers, functions as a protein-protein interaction module in various proteins (Bach, 2000) . The RIL LIM domain was shown previously to bind to the RIL PDZ domain and to the second and fourth PDZ domains of the protein tyrosine phosphatase PTP-BL (basophil-like) (Cuppen et al., 1998) (we have confirmed the RIL LIM to PDZ interaction in yeast-mating assays; data not shown). The RIL LIM to PDZ domain binding can presumably occur intermolecularly, allowing RIL to homo-oligomerize, or intramolecularly. Supporting the intramolecular folding, RIL constructs containing the linker region and the LIM domain but lacking the PDZ domain appeared to bind more efficiently to the GluR-A C-terminal motif than the full RIL molecule in vitro (Fig. 1) . RIL thus may be able to undergo conformational switching from a "closed" LIM-PDZ-bound state to an "open" state in which RIL binds to other interacting partners. Similar folding-mediated regulation of function was described previously for the ezrin, radixin, and moesin proteins that link actin filaments to the cytoplasmic membrane: both the N-terminal membrane-binding and C-terminal actin-binding domains are masked by intramolecular interactions (Pufall and Graves, 2002) .
The RIL LIM domain interaction site on GluR-A comprises the 10 carboxyl residues, including the class I PDZ domain-binding motif. Mutation of the GluR-A threonine-877, T887A, is predicted to result in a loss of PDZ domain-mediated binding (Shi et al., 1999; Passafaro et al., 2001 ), yet the bait R-B/R-At10(T887A) still bound with RIL. This indicates that the PDZ and LIM domains recognize distinct motifs within the GluR-A C-terminal peptide. A comparison of known interacting partners of RIL-related LIM domains so far fails to identify a common LIM domain-binding motif. For example, the second and third LIM domain of the single PDZ-and three LIM-domain protein Enigma bind to the intracellular C-terminal domains of the insulin receptor and the receptor tyrosine kinase Ret, respectively, and these interactions require Tyr-and Pro-based motifs (Wu and Gill, 1994; Wu et al., 1996) ; however, each of the three Enigma LIM domains also binds to the N-terminal portions of protein kinase C isoforms ␣, ␤, and , without a clear common binding motif found in these sequences (Kuroda et al., 1996) . Thus it appears that LIM domains may recognize a wide range of protein-protein interacting motifs within the C-terminal peptides of transmembrane receptors as well as coding sequences of soluble signaling molecules. EGFP RIL⌬LIM-equal ϭ 104.4 Ϯ 6.8/actin ϭ 161.8 Ϯ 9.6, n ϭ 8 dendritic branches, 136 spines; EGFP RIL⌬LIM-enriched ϭ 248.1 Ϯ 30.9/␣-actinin2/3 ϭ 418.2 Ϯ 34.2, n ϭ 9 dendritic branches, 154 spines;
EGFP RIL⌬LIM-equal ϭ 95.8 Ϯ 7.1/actin ϭ 160.6 Ϯ 8.6, n ϭ 9 dendritic branches, 155 spines;
EGFP RIL⌬PDZ ϭ 111.3 Ϯ 7.6, n ϭ 9 dendritic branches, 198 spines; EGFP ϭ 91.6 Ϯ 3.2, n ϭ 10 dendritic branches, 251 spines.
minus (Baron et al., 1987) (Fig. 2a) . The spectrin-like repeats mediate ␣-actinin anti-parallel homodimerization, which allows ␣-actinin to cross-link actin fibers. In addition, the central repeats serve as a docking site for the binding of a number of proteins via different motifs, including the PDZ domains of RIL-related ALP (actininassociated LIM protein) and CLP-36 (C-terminal LIM protein 36), as well as the intracellular C-terminal domains of several transmembrane proteins, such as the ␤1 and ␤2 integrins, adhesion molecules ICAM and Ep-CAM, and the NMDA receptor subunits NR1 and NR2B (Djinovic-Carugo et al., 2002) . Recently, an interaction between a recombinant RIL and ␣-actinin, mediated by the RIL PDZdomain binding to the ␣-actinin spectrin-like repeats, was described in epithelial cells (Vallenius et al., 2004) . In contrast, we showed here that in yeast-mating assays the RIL PDZ domain selectively binds to the -SDL class I PDZ-binding motif of ␣-actinin1-4. Thus it appears possible that RIL may associate with either the spectrin repeats or the C-terminal residues on the ␣-actinin molecule. Functionally, we showed that the PDZ-domain-based binding targets RIL to dendritic spines in hippocampal neurons, an effect that likely mediates the observed RIL enrichment at the excitatory postsynaptic side.
EGFP RIL-mediated regulation of recombinant GluR-A receptors in COS1 cells
After internalization, surface-expressed proteins are first targeted to early endosomes where they are sorted to be delivered back to the plasma membrane via recycling endosomes or targeted to late endosomes and lysosomes for degradation (Gruenberg and Maxfield, 1995) . We found that although GluR-A expressed alone in COS1 cells was localized mainly to ER and EGFP RIL to actin cytoskeleton, coexpression of the two proteins resulted in their prominent colocalization in early endosomes and, to a lesser extent, in recycling endosomes. Importantly, the accumulation of GluR-A in early endosomes required EGFP RIL binding with both GluR-A and ␣-actinin.
Recently, RIL overexpression in osteosarcoma U2OS cells was reported to change the dynamics of actin in stress fibers, with high formation and collapse of new fibers (Vallenius et al., 2004 ). Although we did not observe obvious changes in actin distribution after expression of RIL alone, the endosomal GluR-A-RIL colocalization included a partial redistribution of actin into a punctate pattern overlapping with EGFP RIL. Together, these data imply that RIL can act as an actinbased anchor for GluR-A-containing AMPA receptors undergoing endosomal sorting and that such an RIL-based link of the receptors to actin may affect, in addition, the arrangement of the actin cytoskeleton itself.
EGFP RIL-mediated regulation of endogenous AMPA receptors in cultured neurons
In the first set of experiments examining RIL effect on endogenous AMPA receptors in hippocampal cultured neurons, we showed that expression of EGFP RIL, but not of EGFP RIL⌬PDZ, EGFP RIL⌬LIM, or EGFP, resulted in an increased accumulation of GluR-Acontaining AMPA receptors in dendritic spines, as examined by anti-GluR-A immunostaining. Because EGFP RIL is targeted to spines by its PDZ domain, these data suggest that RIL may act to increase the content of the GluR-A-containing AMPA receptors in dendritic spines by linking the receptors to the ␣-actinin/actin cytoskeleton.
In addition, we also showed that expression of EGFP RIL, but not of EGFP RIL⌬PDZ, EGFP RIL⌬LIM, or EGFP, resulted in ϳ25% potentiation of endogenous AMPA receptor-mediated mEPSCs in hippocampal primary cultures and in organotypic slice cultures. These data support the finding that increased levels of EGFP RIL in dendritic spines induce a larger accumulation of GluR-A-containing AMPA receptors, including the functional surface-expressed receptor pool.
Functional significance of RIL for AMPA receptor transport
Here we present evidence that RIL regulates, in an ␣-actinin/ actin-dependent manner, trafficking of AMPA receptors in dendritic spines. Our experiments show that increased levels of EGFP RIL translate to increased levels of AMPA receptors within dendritic spines as well as at the synaptic surface. In principal, such an effect can be achieved by RIL-based recruitment of extrasynaptic receptors to the dendritic spine compartment and/or by limiting the spine exit of the receptors undergoing endosomal synaptic recycling. In both cases, RIL appears to provide an ␣-actinin/actin-dependent spatially directive regulation for the transport of GluR-A-containing AMPA receptors in dendritic spines, ultimately promoting the transport and/or recycling of the receptors toward insertion at the postsynaptic membrane.
